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doi:10.1Objective: To evaluate serial data on left ventricular and myocardial reverse remodeling after restrictive mitral
annuloplasty.
Methods: Thirteen patients (age, 64 6 years) with functional mitral regurgitation associated with dilated car-
diomyopathy (ejection fraction, 35%) were examined before (baseline), soon (1.7  1.5 months), and more
than 1 year (16 8 months) after restrictive mitral annuloplasty using multidetector computed tomography. The
left ventricular end-diastolic and end-systolic volume indexes, left ventricular ejection fraction, left ventricular
mass index, and end-systolic wall stress were estimated.
Results: In the period soon after restrictive mitral annuloplasty, significant reverse left ventricular remodeling
was present, with decreases in the left ventricular end-diastolic volume index (149  42 to 119  41 mL/m2,
P ¼ .04) and left ventricular end-systolic volume index (114  44 to 78  43 mL/m2, P ¼ .02), and an in-
crease in left ventricular ejection fraction (25%  10% to 37%  14%, P ¼ .01). Additional changes in these
parameters were seen in the later period (103  29 mL/m2, 61  23 mL/m2, and 42%  9%, respectively; all
P<.05 vs baseline). In the early postrestrictive mitral annuloplasty period, the left ventricular mass index did
not change significantly (104  22 to 104  18 g/m2, P ¼ NS), but significant regression occurred in the later
period (90  17 g/m2, P<.05 vs baseline). The end-systolic wall stress was significantly decreased in the early
period (P< .05) and was sustained in the late period. Furthermore, the increase in left ventricular ejection
fraction in the late period correlated significantly with the magnitude of the end-systolic wall stress reduction
(r ¼0.67, P ¼ .01).
Conclusions: Our findings indicate that ventricular reverse remodeling occurs soon after restrictive mitral
annuloplasty. In contrast, myocardial reverse remodeling (ie, regression of myocardial hypertrophy) occurs
over time between the early and late postoperative periods. Our data also suggest that the late improvement
in left ventricular systolic performance might be attributable to a decrease in the left ventricular afterload.
(J Thorac Cardiovasc Surg 2012;143:S43-7)Functional mitral regurgitation (MR) is a common compli-
cation of both ischemic and nonischemic dilated cardiomy-
opathy. MR leads to increased left ventricular (LV) volume
overload, which exacerbates the LV remodeling process,
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The Journal of Thoracic and Carthis vicious circle, Bolling and colleagues2 reported that re-
strictive mitral annuloplasty (RMA) is feasible in patients
with end-stage cardiomyopathy. Since then, short-term
and midterm survival rates and the extent of ventricular re-
verse remodeling (decrease in LV volume) after MR correc-
tion have been reported.2,3 However, follow-up data on
ventricular reverse remodeling after RMA in patients with
end-stage cardiomyopathy are scarce. Moreover, the exist-
ing follow-up studies used echocardiography, which is not
optimal for a precise assessment.
Multidetector computed tomography (MDCT) is an
emerging technique that enables more accurate contour def-
inition than echocardiography. With electrocardiogram-
gated image acquisition, cardiac MDCT shows different
planes of the whole heart and enables the assessment of
3-dimensional volume and ejection performance. We re-
cently developed MDCT-based analysis software to com-
pute local circumferential myocardial stress.3-5
The objective of the present study was to assess the serial
changes in the LV volumes, function, and mass and in re-
gional myocardial stress before, and early and late afterdiovascular Surgery c Volume 143, Number 4S S43
Ischemic/Functional MR Shudo et alS4Abbreviations and Acronyms
DCM ¼ dilated cardiomyopathy
ESS ¼ end-systolic wall stress
LVEF ¼ left ventricular ejection fraction
LVEDVI ¼ left ventricular end-diastolic volume
index
LVESVI ¼ left ventricular end-systolic volume
index
LVMI ¼ left ventricular mass index
MDCT ¼ multidetector computed tomography
MR ¼ mitral regurgitation
MRI ¼ magnetic resonance imaging
RMA ¼ restrictive mitral annuloplastyRMA in patients with nonischemic dilated cardiomyopathy
(DCM) and functional MR, using cine-MDCT and the soft-
ware we developed.
METHODS
Patients
From January 2007 to December 2008, 24 patients with functional MR
(grade 3þ or greater, regurgitant volume>30 mL/beat) associated with
DCMwere referred for surgery. Of these patients, 13, who underwent serial
cine-MDCT analysis, were included in the present study. All had conges-
tive heart failure symptoms, a history of at least 1 hospitalization, and ad-
vanced LV remodeling, as defined by an LV ejection fraction (LVEF) of
0.35 and an end-systolic volume>120 mL, on preoperative left ventricu-
lography. Patients with organic MR, a rheumatic mitral valve, or aortic
valve disease were excluded. The patient characteristics are shown in the
Table 1. All patients were receiving optimizedmedical regimens, including
b-blockers, angiotensin-converting enzyme inhibitors or angiotensin-
receptor blockers, and diuretics.
Our institutional ethics committee approved the study, and all patients
provided written informed consent for all procedures before surgery.
Surgical Procedures
Surgery was performed through a median sternotomy under mild hypo-
thermic cardiopulmonary bypass with antegrade and retrograde intermit-
tent cold blood cardioplegia. All patients underwent a stringent RMA
(2–4 ring sizes smaller than measured; Table 1) with a semirigid ring (Car-
pentier-Edwards Physio Ring; Edwards LifeSciences, Irvine, Calif). Post-
operative MR was none or trivial in all patients.
Cine-MDCTAngiography
Electrocardiogram-gated MDCT examinations of the heart were per-
formed 1 month before (baseline) and again early (1.7  1.5 months) and
late (16  8 months) after RMA using a commercially available 64-slice
multidetector scanner (SomatomDefinitionDual Source CT, Siemens, Ger-
many). To enhance the LV cavity, 0.8 mL/kg of nonionic-contrast medium
was administered to the patient at 4 mL/s. The scanning delay was set with
an automatic triggering system. To ensure that the contrast material in the
left ventriclewas at its maximum concentration, a circular region of interest
for density measurement was defined in the ascending aorta. As soon as the
signal intensity in the region of interest reached a threshold of 150
Hounsfield units, the patient was instructed to maintain an end-inspiratory
breath-hold, and data acquisition was started. Computed tomography was
performedwith a tubevoltage of 120 kV, effective tube current-time product4 The Journal of Thoracic and Cardiovascular Surgof 180mA, collimation of 643 0.625 mm, beam pitch of 0.23, tube speed
of 9.2 mm/rotation, gantry rotation time of 350 ms, and estimated radia-
tion dose of 18 mSv. The computed tomography data of the entire heart
were reconstructed using retrospective electrocardiogram-gating and
a standard cardiac algorithm. From early systole to late diastole, 10- or
20-image series were reconstructed at 5% or 10% R-R interval incre-
ments throughout the cardiac cycle (5%–95%). Routine LV function vari-
ables, such as the LV end-diastolic volume, LV end-systolic volume,
LVEF, and LV mass, were measured and calculated according to the slice
summation method on a workstation, using LV functional analysis soft-
ware (Aquarius Net Station, version 1.5; Terarecon, San Mateo, Calif).
The volumes and mass were indexed to the body surface area. All image
processing was verified by experienced radiologists (M.K. and S.H.).
Assessment of Regional Myocardial Wall Stress
The imaging analysis used to assess regional myocardial stress was per-
formed on a personal computer with dedicated analysis software (Osaka
University-OSCAR STRESS tool, Osaka, Japan), as described previ-
ously.3-5 The regional end-systolic stress (ESS) was computed at 16 seg-
ments (ie, excluding the apical cap; segment no. 17). The regional
circumferential stresses were also averaged at 3 LV levels (base, mid-LV,
and apex).
Statistical Analysis
SPSS, version 16.0 (SPSS, Chicago, Ill) softwarewas used for statistical
analyses. Continuous values are expressed as the mean  standard devia-
tion or the mean value. Normally distributed variables were compared us-
ing Student’s t test for paired or unpaired data. Repeated measures analysis
of variance was used to compare the mean parameters obtained at different
points. The significance of the differences was determined using a 2-tailed
multiple t test with Bonferroni’s correction. Correlations between variables
were tested with Pearson’s correlation analysis. P<.05 was considered sta-
tistically significant.RESULTS
Clinical Results
All patients tolerated the operation well. The mean New
York Heart Association functional class had improved sig-
nificantly, from 2.9  0.5 to 1.5  0.5 (P<.001) soon after
surgery, and remained unchanged at the late assessment
(P<.001 vs before surgery, P ¼ NS vs soon after surgery).
The degree of MR improved significantly, from 3.5 0.5 to
0.6  0.8 (P<.0001), soon after surgery and remained un-
changed at the late postoperative point (P<.0001 vs before
surgery, P ¼ NS vs soon after surgery). During the follow-
up period after discharge, no patients developed heart fail-
ure or MR recurrence.Serial Change in LV Volumes
In the early period after RMA, significant reverse LV re-
modeling occurred, with decreases in the left ventricular
end-diastolic volume index (LVEDVI; 149  42 to 119 
41mL/m2,P¼ .04) and left ventricular end-systolic volume
index (LVESVI; 114 44 to 78 43 mL/m2, P¼ .02). Ad-
ditional reverse remodeling changes were seen late after sur-
gery (103 29mL/m2 and 61 23mL/m2, respectively; all
P<.05 vs baseline; Figure 1). Although no significant differ-
ence was found in LDEDVI or LVESVI between the earlyery c April 2012
TABLE 1. Patient characteristics
Variable n ¼ 13
Patient characteristics
Age (y) 64  6
Male (n) 12
Body surface area (m2) 1.73  0.16
NYHA 2.9  0.5
LVEF (%) 25  10
Surgical data
RMA 13
Ring size used
Physio Annuloplasty Ring no. 24 (n) 10
Physio Annuloplasty Ring no. 26 (n) 3
Concomitant procedure
TAP (n) 12
Maze (n) 5
Intraoperative data
CPB time (min) 223  60
AXC time (min) 125  44
Data are presented as mean value SD or number of patients.NYHA,NewYork Heart
Association; LVEF, left ventricular ejection fraction; RMA, restrictive mitral annulo-
plasty; TAP, tricuspid annuloplasty; CPB, cardiopulmonary bypass; AXC, aortic
crossclamp.
FIGURE 1. Serial changes in left ventricular ejection fraction (LVEF),
left ventricular end-systolic volume index (LVESVI), left ventricular
mass index (LVMI), and end-systolic wall stress (ESS). Examinations
were performed before (baseline) and early (at 1.7  1.5 months) and
late (at 16  8 months) after surgery. Different symbols represent individ-
ual patients.
Shudo et al Ischemic/Functional MRand late postoperative assessments (P¼ .31 and P¼ .27, re-
spectively), the average percentage of reduction in the mean
LVEDVI (vs baseline) was 20% soon after surgery and 31%
later after surgery; however, for the LVESVI, it was 32%
soon after surgery and 46% in the late postoperative period.
Serial Change in Global Systolic Performance
The LVEF increased significantly in the early post-RMA
period (25%  10% to 37%  14%, P ¼ .01), with addi-
tional improvement by the late postoperative period (42%
 9%, P<.05 vs baseline; Figure 1). However, no signif-
icant difference was found in the LVEF between the early
and late periods after surgery (P¼ .29), the average postop-
erative percentage of improvement in the LVEF (vs base-
line) was 48% at the early postoperative point and 68%
at the late follow-up period.
Serial Change in LV Mass
In the early postoperative period, the LV mass index
(LVMI) did not change significantly (104  22 to 104 
18 g/m2, P ¼ NS), but significant regression was observed
in the late period (90  17 g/m2, P< .05 vs baseline;
Figure 1). However, no significant difference was found in
the LVMI between the early and late periods after surgery
(P ¼ .11). The average postoperative percentage of reduc-
tion (vs baseline) in LVMI was 0% in the early stage and
13% at the late stage.
Serial Change in Regional End-Systolic Wall Stress
Regional ESS was significantly decreased in all 3 regions
(base, midleft ventricle, and apex) in the early periodThe Journal of Thoracic and Car(333  96 to 234  68 kdynes/cm2, 345  138 to 249 
94 kdynes/cm2, 288 133 to 184 85 kdynes/cm2, respec-
tively, all P<.05), and the decrease was well sustained at
the late measurement (219  55 kdynes/cm2, 238  66
kdynes/cm2, and 185  60 kdynes/cm2, respectively;diovascular Surgery c Volume 143, Number 4S S45
Ischemic/Functional MR Shudo et alFigure 1). No significant difference was found in the LVMI
between the early and late periods after surgery (P ¼ .61,
P ¼ .80, and P ¼ .98, respectively). In the early postopera-
tive period, the average percentage of reduction (vs base-
line) in regional ESS was 30% in the base, 28% in the
midleft ventricle, and 36% in the apex. In the late period,
it was 34% in the base, 31% in the midleft ventricle, and
36% in the apex.
Relationship Between Regional End-Systolic Stress
and Global Systolic Performance
The increase in the LVEF observed in the late postoper-
ative period correlated significantly with the magnitude of
reduction in the mean regional ESS value in the 3 regions
(r ¼0.67, P ¼ .01).
Relationship Between New York Heart Association
Functional Class and LV Reverse Remodeling
No significant correlation was found between the change
in the New York Heart Association functional class and the
change in the parameters related to LV reverse remodeling
at either the early (r¼ 0.04, r¼ 0.29, and r¼ 0.08 for ESS,
LVESVI, and LVEF, respectively; P ¼ NS for all) or late
(r ¼ 0.26, r ¼ 0.22, and r ¼ 0.42 for ESS, LVESVI, and
LVEF, respectively; P ¼ NS for all) postoperative
assessment.
DISCUSSION
The major findings of the present study are that, after
RMA, (1) the LVEDVI and LVESVI decreased significantly
over time; (2) the LVEF significantly increased over time;
(3) the LVMI did not change in the early postoperative pe-
riod, but had significantly decreased by the late period; (4)
the regional ESS significantly decreased early after surgery
and was well maintained late after surgery; and (5) the in-
crease in LVEF in the late postoperative period correlated
significantly with the magnitude of reduction in the mean
regional ESS value. Our findings indicate that ventricular
reverse remodeling occurs soon after the correction of func-
tional MR but that myocardial reverse remodeling (ie, the
regression of myocardial hypertrophy) is a process that oc-
curs over time, between the early and late postoperative pe-
riods. Our data also suggest that the late improvement in LV
systolic performance might be attributable to a decrease in
LV afterload.
The mechanism and process of the reverse remodeling
have not been fully evaluated.3 The present study focused
on the serial changes in a detailed fashion on various aspects
of the reverse remodeling process, such as the LV volume,
LV functional performance, regional wall stress, and LV
mass, as measured using MDCT images, in patients with
functional MR associated with DCM who underwent
RMA. We must note that in previous reports LV reverse re-
modeling (eg, LV volumes and mass) was noted in earlyS46 The Journal of Thoracic and Cardiovascular Surg(2 months) and was present in long (3–4 years) follow-up af-
ter RMA in the patients with DCM.6 They showed that in 22
patients with DCM undergoing RMA, the mean LVEDVI
and LVESVI had decreased from 110 to 80 mL/m2 and
from 42 to 31 mL/m2 at 43 months after surgery.6 In contrast
to those serial studies, our study enrolled patientswith amore
severely dilated left ventricle (LVEDVI, 149 mL/m2;
LVESVI, 114 mL/m2). On the basis of our results that ven-
tricular reverse remodeling occurred earlier than myocardial
reverse remodeling, we have attempted to explain the time
discrepancy between the ventricular and myocardial reverse
remodeling.We speculate that the release from volume over-
load and the subsequent reduction in wall stress might initi-
ate a gradual response that results in the regression of
myocardial hypertrophy. Furthermore, our data, together
with the concept of Grossman and colleagues7 of volume-
related cell thickening and elongation (ie, hypertrophy), sug-
gest that abolishing volume overload might activate cellular
and extracellular mechanisms that modify myocardial struc-
tural remodeling. Among the many complex processes
associated with reverse remodeling, eliminating MR can
cause changes in the ventricular geometry and the subse-
quent adjustable response in the molecular signals that pro-
mote hypertrophy and extracellular matrix turnover.8
Taken together with previous studies, our data support a pos-
sible mechanism that ventricular reverse remodeling is fol-
lowed by myocardial reverse remodeling.
The serial changes (acute and chronic) in myocardial
stress after RMA have not been fully investigated, because
it can be difficult to measure regional myocardial stress in
left ventricles with different shapes. In the present study,
we sought to assess the serial changes in regionalmyocardial
stress after RMA in patients with functional MR. We ob-
served that the late improvement in LV systolic performance
correlated well with a decrease in LV afterload. Our data
suggest that the regional dysfunction of the residualmyocar-
dium might be reversible, at least in part, although whether
the improvement is related to the reduction in myocardial
wall stress or to an alteration in the myocardial contractile
property itself still needs to be evaluated.
Echocardiography has been widely used to measure the
LV volume and mass in heart failure, but the results were
based on geometric assumptions that limit the accuracy of
the data. Currently, cardiac magnetic resonance imaging
(MRI) is considered the reference standard for LV geome-
try, volume, and mass evaluation.6 It provides excellent
temporal and spatial resolution, with a high degree of accu-
racy and reproducible quantitative measurements. The mul-
tiphase cine imaging quality is significantly better in MRI
than in MDCT, owing to the differences in temporal resolu-
tion. However, MRI requires an extended scanning period
and cannot be used for patients with a pacemaker. Previous
computed tomography studies have shown a good correla-
tion and acceptable agreement of LV volumes and cardiacery c April 2012
Shudo et al Ischemic/Functional MRfunction with those obtained by MRI.9 This is probably be-
cause the LV volumes and cardiac function are mainly de-
termined by the end-systolic and end-diastolic phases,
when cardiac motion is comparatively minimal and motion
artifacts are negligible. Therefore, 64-row MDCT appears
to be a useful alternative to 2-dimensional or 3-dimensional
echocardiography or MRI in study populations with metal
implants (eg, pacemakers or implantable cardioversion-
defibrillators), claustrophobia, or other conditions that con-
traindicate MRI.
Clinical Implications
The present results have shown that in patients undergo-
ing RMA who have DCM and functional MR, a better
understanding of the ventricular response to surgical inter-
ventions could be very helpful in selecting favorable candi-
dates or determining the timing of surgery.
Study Limitations
The major limitations of our study were that it was not
a randomized study, and it involved a rather small sample
size. The study would have been stronger with a larger, ran-
domized, and controlled population.
Regarding the technical aspects, the variety of surgical
procedures (eg, tricuspid annuloplasty and Maze) and
type of annuloplasty ring could have influenced the out-
comes. However, these concomitant procedures are usually
performed in very sick populations with similar clinical and
pathologic findings to those of our patients, regardless of the
etiology of the LV dysfunction.
We performed RMA with the implantation of an under-
sized semirigid ring. In 1 patient with a small body surface
area (1.55 m2), we used a ring undersized by 4 ring sizes, as
indicated when the annular diameter exceeds 34 mm. How-
ever, the use of such a small ring might result in functional
mitral stenosis after the RMA.10 In the present study, we did
not evaluate the serial change in pulmonary hypertension
and/or right ventricular function.
All the patients enrolled in the present study had DCM;
therefore, our results are not applicable to patients with is-
chemic DCM.The Journal of Thoracic and CarAs with conventional modalities, MDCT has inherent
limitations, including the need for contrast medium and ra-
diation exposure.
CONCLUSIONS
Our MDCT findings indicate that ventricular reverse re-
modeling occurs soon after RMA, although myocardial
reverse remodeling (ie, the regression of myocardial hyper-
trophy) is a process that occurs over time between the early
and late postoperative periods.
The authors thank Dr Seiki Hamada of Radiology, Osaka Uni-
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